We explore the spectral and angular selectivity of near surface normal transmission of grating modified metallic surfaces and their ultimate potential for application as narrow-band spectro-polarimetric planar filter components in the development of advanced infrared focal plane arrays. The developed photonic microstructures exhibit tailored spectral transmission characteristics in the long wavelength infrared, and can be fabricated to preferentially transmit a given linear polarization within the design band. Modification of the material and structural properties of the diffractive optical element enables sub-pixel tuning of the spectro-polarimetric response of the device allowing for intelligent engineering of planar filter components for development of advanced focal plane arrays in the long wavelength infrared. The planar nature of the developed components leaves them immune to fabrication issues that typically plague thin film interference filters used for similar applications in the infrared, namely, deposition of multiple low-stress quarter-wavelength films and modification of the film thicknesses for each pixel. The solution developed here presents the opportunity for subpixel modification of the spectral response leading to an efficient, versatile filter component suitable for direct integration with commercially available focal plane array technologies via standard fabrication techniques. We will discuss the theoretical development and analysis of the described components and compare the results to the current state-of-the-art.
INTRODUCTION
Frequency and polarization selective optical elements are fundamental components in almost any imaging system. As such, significant effort has been dedicated to the development and production of efficient filtering components such as wire grid polarizers and thin film filters. Unfortunately, the optical properties of materials are not strictly homogenous, thus requiring the use of several classes and types of materials depending on the waveband of interest. The long wavelength infrared (LWIR) in particular is challenging from a material perspective because the commonly used materials in the visible (VIS), near infrared (NIR), and even mid wavelength infrared (MWIR) regions typically exhibit significant absorption in the LWIR. This forces the optical coating designer to rely on II-VI semiconductor materials such as ZnSe and GaAs, or unstable dielectrics such as KBr. Formation of thin film filters then requires the sputtering or growth of multiple layers of these materials on substrates to which they are typically not lattice-matched, which results in significant internal stress. In addition, the performance of the filter critically relies on the thickness of each layer. The final product is often extremely sensitive to the environment factors such as temperature and barometric pressure.
In this work, we design and analyze the performance of an efficient single layer filter technology that takes advantage of the phenomenon commonly known as extraordinary optical transmission (EOT) or simply enhanced transmission (ET). In recent history, ET has received a lot of attention in the literature [1] [2] [3] [4] [5] [6] [7] . ET as applied here refers to transmission through a structure exceeding the geometric ratio of the area of the open, transparent slits and the area of the opaque, metal surface 1 . Although the origin of this behavior is hotly debated, all analyses agree that the phenomenon is resonant in nature, thus leading to the applicability of the phenomenon as a filter technology.
Here, we will briefly discuss the dispersion characteristics of the structure, then move on to discuss the spectro-spatial and polarization transmission characteristics of a suite of single layer transmissive filters designed to operate over the LWIR with uniform transmission characteristics and user-definable polarization extinction. We will also discuss the versatility of this particular technology, the dependence of the device on several physical parameters and the extension of the technology to other spectral bands.
i1 jt L Figure 1 , Schematic of an advanced FPA with integrated sub-pixel spectro-polarimetric transmission filters.
ENHANCED TRANSMISSION IN 1D AND 2D DIFFRACTION GRATINGS
In 2004, Pendry and coworkers 2 reported on the presence of anomalous transmission characteristics in two dimensional periodic arrays of infinitely deep, square holes in a perfect conductor. Their work showed that the effective permittivity of the structured surface behaved as though it were a perfect conductor with a modified plasma frequency exhibiting enhanced transmission (as metals do) at frequencies below the plasma frequency. It was also shown that the modified plasma frequency directly corresponded to the cutoff frequency of the TE 10 mode propagating in the square holes penetrating the conductor. Given the length of the side of the hole ( ), speed of light in vacuum ( ) and the dielectric permittivity ( ) and permeability ( ) of the material filling the waveguide, the plasma frequency ( ) can be calculated as
Following the derivation by Jackson 8 , the corresponding eigenfrequencies for infinitely deep rectangular holes of width a and length b in a perfect conductor (figure 2a) are given by
Here, m and n are the mode indices of the TEM modes propagating in the waveguide. It is clearly evident that the lowest order (and frequency) mode is the TE 10 mode corresponding to m = 1 and n = 0. In this case, the result in equation 2 reduces to that of equation 1.
Given a structure of arbitrary thickness t as presented schematically in figure 2b , transmission resonances occur when the field is zero at z = 0 and z = t leading to field profiles given by
This leads to the set of resonant frequencies satisfying the condition in equation 4. 
where p is the mode index of the Fabry-Perot resonance. Inclusion of this result in solving the eigenvalue equations for the complete system is straightforward 8 and leads to the set of eigenfrequencies given by
Using the relation for the complex refractive index √ equation 5 can be rewritten as
or equivalently as
The result shown here is exactly correct for a single waveguide in a perfect metal. For real metals, the magnitude of the E-field is non-zero at the surface of the conductor due to the finite, frequency dependent conductivity. This effect can be included as a series of perturbations to the above solution 3 .
Further modification of the above result is required to take into account the periodic nature of the array. While it can be argued 2 that this analysis is correct for sufficiently subwavelength structures, exact analysis of these periodic structures requires the inclusion of diffracted evanescent waves as a perturbation to the above relations 3 .
It will be shown in the following sections that the above analysis provides an intuitive framework that accurately fits to first order the transmission characteristics of periodic structures simulated using Rigorous Coupled Wave Analysis (RCWA). It will also be shown that the geometry of such structures can be engineered to produce significant polarization extinction thus enabling their use as polarization and/or multi-spectral filter elements. 
TRANSMISSIVE FILTER DESIGN

Frequency Selection
From section 2, we know that the longest wavelength that can be transmitted through a rectangular metallic waveguide is given by equation 7. From this fundamental equation, we see that it is possible to independently engineer the transmission response of the TE 10 mode for orthogonal linear polarizations with the intent of suppressing one polarization while allowing near unity transmission of its orthogonal counterpart. It is important to design the grating structure to be thin enough that the first longitudinal mode in the structure is of sufficiently high frequency to mitigate modification of the transmission profile within the design band. The device must, however, be optically thick in order to behave appropriately as a waveguide. As a general rule, this lower bound is around twice the skin depth in the material. In the LWIR, the skin depth of common metals such as gold and aluminum ranges from 200 to 300 nm.
For rectangular waveguides, the minimum transmission frequency is that of the TE 10 mode with p = 0. Reducing equation 7 for this mode leads to the following relation
which gives the design width of the dielectric material as
From the above relation, it is intuitively obvious that the required size of the grating is inversely proportional to the refractive index of the dielectric material used in the grating. It should also be clear that, to first order, the thickness and period of the structure do not affect the transmission characteristics of the device at the design wavelength for sufficiently thin diffraction gratings.
Grating Thickness
Variations in the thickness of the grating will certainly cause variations in the resonance frequency of higher order modes in the device, but so long as the first longitudinal mode is outside the design band, these modes will not affect the performance of the device. As an example of the behavior of this design versus thickness, let us assume a thickness equal to one half the design width given by equation 9.
For the first longitudinal resonance, the resonance wavelength is given by
This reduces to
This indicates that so long as the grating thickness is less than half the width of the waveguide, the resonance frequency of the first longitudinal mode will be less than half the design wavelength. It should be clear that for a grating thickness where is the aspect ratio of the structure, the ratio of the resonance wavelength of the first longitudinal mode to that of the TE 10 mode is given by
It is important to note that in making the device sufficiently thin to inhibit Fabry-Perot resonances within the dielectric, the structure becomes thin enough that effective medium theory begins to apply. This results in a modification of the effective refractive index of the material and begins to occur when the thickness of the grating satisfies the structural cutoff for effective medium theory (EMT) 9 . The structural cutoff criterion can be written as √
Assuming normal incidence and substituting the parameters for from the design rules provided in equation 9 yields
As an example, for a center wavelength of 10 m using silicon as the grating fill material, the thickness required to meet the structural cutoff criterion is 5.41 m. The corresponding groove width given by equation 9 is only 1.46 m giving an aspect ratio of 3.7. This gives a resonant wavelength for the first Fabry-Perot mode only 11% lower than the TE 10 mode at 8.87 m. Clearly, efficient filter design will require much thinner structures, which leads to the need to modify the refractive index of the dielectric material used to analyze the transmission characteristics of the structure.
Polarization Dependence
For a fixed geometry, the m and n coefficients in equations 6 and 7 are interchanged for orthogonal linear polarizations leading to a different set of eigenfrequencies for the linear polarization orthogonal to the design polarization. In a 1D lamellar grating, this implies that the lowest frequency eigenmode in the system is the mode corresponding to a slab waveguide mode with the peak transmission wavelength directly determined by the height of the structure. While interesting, this scenario requires modification of the transmission profile via modification of the thickness of the structure on a sub-pixel basis, which is exactly the fabrication intensive dependency we are attempting to avoid here. Instead, the period of the structure perpendicular to the intended polarization orientation is minimized to increase the maximum transmission wavelength of the structure for that polarization to a wavelength that lies outside of the design bandwidth. Further tailoring of the transmission profile can be done via RCWA simulation to meet target polarization extinction ratios.
RCWA SIMULATION RESULTS
Using the theory developed in section 2 as a guideline for initial design parameters, we designed a filter to operate at a wavelength of 10 m. We then varied the physical parameters of the grating to develop a model for the dependence of the transmission characteristics on each of the dimensions of the grating. The results are presented in figure 3 . All results presented here are for normal incidence. Angular dependence of the transmission characteristics of the device will be discussed in section 5.3. For each of the simulation sets, all other physical parameters were held constant with values given in table 1. The only exception is for set (c) in which the fill factor was varied. For this set of simulations, the period was similarly modified to maintain a fixed groove width of 1.85 m, which corresponds to the groove width for the initial filter design centered at  =10 m. This was done in order to determine the mechanism for the wavelength sensitivity shown in figure 3a. As expected, the results indicate that the primary sensitivity is to variations in groove width, not grating period. As you can see in figure 3c , the period is nearly quadrupled from the first to the last design and yet the resonance wavelength shifts by only 0.56 m.
Also seen in figure 3c is a significant modification of the transmission peak and bandwidth. Several factors may contribute to this trend including increased overlap of the field with the metal as fill factor decreases, increase of the effective index of the grating layer thus leading to increased Fresnel reflections, and modification of the transmission profile due to diffraction of evanescent fields. We will not belabor the theory surrounding this modification of the transmission profile, but it is important to note that fill factor can be utilized as a means of controlling both the bandwidth and peak transmission of the device while only moderately affecting the peak transmission wavelength. Finally, in figure 3d , the dielectric material in the structure was replaced with several optical materials commonly used in the LWIR. The results indicate that the peak transmission wavelength is extremely sensitive to this refractive index as expected from equation 9. In addition, the peak transmission appears to degrade gradually with increasing refractive index of the dielectric material; this is likely due to increased Fresnel reflections at the interface. These reflections, however, are of much lower magnitude than expected for a bulk material at the same wavelength. For example, for normal incidence at a wavelength of 10 m, each air/Silicon interface should have a reflect about 30% of the incident light. A peak transmission of 95% as exhibited by the optimized design corresponds to Fresnel reflection from an effective medium with a refractive index of 1.575. 
OPTIMIZED DESIGN
Frequency Response
The optimized set of filters should exhibit a relatively large bandwidth, near-unity peak throughput, excellent polarization extinction, and maintain uniform performance across the LWIR to prevent unnecessary variability in system design parameters such as throughput, signal-to-noise ratio, etc. From the results in section 4 we see that modification of the groove width and fill factor provide the primary tools for tailoring the transmission of the designed device. We assume here the need to maintain a fixed device thickness although this parameter can certainly be used to enhance the flexibility of this particular structure.
We first fix the thickness of the device at 0.5 m to ensure no spurious Fabry-Perot modes. This value is chosen because it is well above the skin depth of the metal in the LWIR while remaining sufficiently thin to ensure efficient transmission. Next, we choose the maximum allowable grating period. The period is limited on the lower side only by fabrication capabilities and will not affect the current design. In principle, the largest value of the period is not strictly limited; however, we prefer to use a maximum period for which a single transmitted diffraction order exists within the design band. We choose to limit the period of the structure to a maximum of 6.5 m here to ensure the above criterion is met. We can then place bounds on the fill factor based on the results presented in figure 3d in order to assure sufficient values for the transmission peak and bandwidth. We chose to work with fill factors between 0.45 and 0.65 to ensure greater than 90% transmission attainable across the design band. The metal used here is gold because it is nearly a perfect metal in the LWIR and is a noble metal and thus not susceptible to oxidation processes which plague other suitable metals such as silver and aluminum. For the dielectric material, we choose silicon because fabrication techniques for this material are well developed, the material itself is stable, and the refractive index is large, thus reducing the required period to achieve the desired result. In addition, the device is thin, so loss from material absorption is minimal.
Using the above developed criterion, filters were designed at 1 m intervals across the LWIR to demonstrate the flexibility of this technology. The period and fill factor were modified at each wavelength to produce a uniform peak transmission of 95% with a fixed optical 3dB bandwidth of 2 nm. Figure 4 shows the results of the simulations for each of these filters with the design parameters given to the right of the figure. Figure 4 , Optimized grating design with transmission peaks at 8, 9, 10, 11, and 12 m. Design parameters are given at right. 
Polarization Response
The polarization response of the device was designed as discussed in section 3.3. Figure 5 shows the RCWA simulation of the optimized device design for the TE and TM polarizations. This particular filter is designed to produce a minimum polarization extinction of 30 dB. This value can be increased/decreased as a design parameter by decreasing/increasing the groove width in the direction orthogonal to the design polarization. This design uses a period of 1 m in this direction with a fill factor of 0.5 to ensure the separation of the grooves is greater than the skin depth while maintaining sufficient fill factor to provide near-unity transmission. These values were also chosen because they can be fabricated using standard optical lithography techniques and do not require the use of ebeam lithography. Figure 5 , Spectral response of the 10 m device design for TE (top) and TM (bottom) linear polarizations.
Angular Response
Thus far, the on-axis response of the system has been used as the primary design mechanism to demonstrate the response and performance of the structure. In real world imaging systems, the angular response of the device is equally important due to the finite Field of View (FOV) of such systems. As can be seen in figure 6 , the transmission profile of the device is nearly Lambertian with a cosinusoidal dependence on incidence angle for the design polarization. The orthogonal polarization mode behaves in a similar manner with the design frequency out of band. 
CONCLUSION
We have demonstrated via RCWA that a single layer, tailorable transmission filters with greater than 30dB polarization extinction ratio across the LWIR can be designed capable of peak transmissions in excess of 95%. The designed structures can be inexpensively fabricated using standard optical lithography processes and are compatible with almost any material used in typical LWIR transmission and detection systems. This design is suitable for sub-pixel modification of the transmission characteristics via alteration of the groove width and fill factor thus removing the need to tune the thickness of the device within each pixel. This approach significantly reduces fabrication complexity while still providing an efficient filter technology suitable for direct integration with advanced FPAs via stand-alone components, or direct modification of the surface of the FPA.
This design is easily extensible to longer wavelengths and shorter wavelengths into the Mid-Wavelength Infrared (MWIR). The applicability of this class of transmission filters in the Near Infrared (NIR) and Visible (VIS) wavelength regimes is suspect due to the increase in skin depth and deviation of the metal from behavior as a perfect conductor and requires further investigation.
Future work will include fabrication and characterization of the structures designed here and modification of the theory developed in section 2 to include the effect of the skin depth of the metal, diffraction of evanescent fields, and inclusion of effective medium theory in determining the transmission resonances of the structure.
